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Introduction
Molybdenum cofactors are the central parts of enzymes that catalyse oxidation or reduction processes. This usually involves the transfer of two electrons with (the majority) and without an accompanying oxygen atom (O -) transfer as part of the carbon, nitrogen and sulfur metabolisms. 1, 2 In the DMSO reductase family 2 the active site metal molybdenum is bonded directly to the peptide through an amino acid residue being either serinate (alcoholate function) 3 , aspartate (carboxylate function) 4 , cysteinate (thiolate function) 5 or even the rare selenocysteinate (selenolate function) 6 .
The main role of the amino acid coordination is thought to be the stabilization of enzyme substrate complexes. For most enzymes it is not known though, if the different types of amino acids are used randomly or if they are specific and important for each enzyme's reactivity. One particularly interesting case is the direct involvement of a cysteinate residue in bond making and bond breaking in periplasmic nitrate reductases which was revealed by crystallographic studies of two enzymes. 7 In general, however, there seems to be no strict correlation between the kind of atom that is to be oxidized or reduced and the coordinated amino acid. For instance the oxidation of carbon is achieved by active sites with selenocysteinate (formate dehydrogenase from E. coli) 6 2 ] with X = S, Se) has been investigated. 12 The respective SMo complex is depicted in figure 1 .
In this particular case the selenium complex was the better oxo transfer catalyst compared to the sulfur complex although both performed less efficiently than other known molybdenum based oxo transfer catalysts [13] [14] [15] [16] [17] [18] . The slowness of the reactions, however, provided the opportunity to investigate them in detail. Most interesting was the indication that two different reaction mechanisms were active for both otherwise very similar compounds: firstly the characteristics of the development of product with time graphs were different; secondly the sulfur compound reacted with only the oxo accepting substrate while the selenium compound did not; thirdly the LineweaverBurke plots showed an about tenfold increase for the maximum velocity of the selenium catalyst while the Michaelis type constants were almost identical; finally 77 Se-NMR spectroscopy showed that the Mo-Se bond in solution no longer exists. To determine the solution structure of the sulfur compound was not possible at that time.
Furthermore, though the catalytic properties of both compounds were investigated in comparison the specific, presumably distinct, reaction mechanisms were not evaluated. To gain more information about the sulfur compounds' structure in solution it has now been investigated with X-ray absorption spectroscopy (XAS) on the molybdenum K-edge. Because the results revealed the existence of a major difference between the solution structures of both compounds further catalytic investigations have been undertaken in order to determine the reaction mechanisms in greater detail.
Results and discussion

XAS spectroscopy
The experimental x-ray absorption spectrum is divided into two parts: the normalized edge region named X-ray absorption near edge structure (XANES) and the extended x-ray absorption fine structure (EXAFS). Whereas, the XANES serves as a fingerprint for the absorber atom environment and only in a limited number of cases structural information can be extracted, the EXAFS region provides detailed information on type, distance and number of atoms in the environment of the absorber atom. The very similar to that in the spectra of oxidized active sites of enzymes of the sulfite oxidase family and of the CO dehydrogenase with only one molybdopterin ligand and two oxo ligands in a cis arrangement. [19] [20] [21] [22] [23] The experimental EXAFS (extended X-ray absorption fine structure) spectrum was initially fitted with the X-ray crystallography data 12 taking into account all six atoms directly coordinated to the molybdenum, the second molybdenum and the second sulfur (Fig. 3 ). The refinement of all distances resulted in slightly smaller values compared to the X-Ray data (see also . Although the X-ray structures of both compounds are even isomorphous their solution structures differ.
Both the molybdenum thioether and the molybdenum selenoether bond are very weak due to the unfavourable combination of hard metal and soft ligand. Since selenium is the larger and therefore softer element of both its bond in form of a selenoether to the hard molybdenum(VI) centre is even weaker than that of the thioether function and can be more easily disconnected from the metal upon dissolution. In this case it is implied that the difference in bond strengths is in a region where the molybdenum selenium bond gets disconnected upon solvation but not the molybdenum sulfur bond.
A difference in Mo-Se and Mo-S bond strengths for sulfido and selenido ligation to molybdenum in the centre of hydroxylases has been evaluated before, showing that the bond between molybdenum and selenium is indeed significantly weaker with implications for the investigated enzyme's active site composition and its catalytic performance. 24 In case of our model compounds it is reasonable to assume a considerable influence of this difference and the subsequent distinction in their solution structure on their behavior for instance in catalytic processes.
Catalytic reaction mechanisms
The model reaction for oxygen transfer catalysis is the oxidation of PR 3 (R = alkyl or aryl) by DMSO which does not occur without a catalyst at room temperature and can conveniently be followed by 31 P-NMR spectroscopy. 25 The solution structures of the molybdenum centers of the sulfur compound in a six-fold coordination sphere and the molybdenum of the selenium complex having one free coordination site.
Therefore the two substrates for the oxo transfer catalysis necessarily have to approach the catalytically active Mo/Mo=O moiety consecutively in case of the sulfur compound whereas for the selenium compound a concerted mechanism can be envisioned ( fig. 4) . To probe this, further catalytic experiments were undertaken in which the concentrations of both substrates were varied. In biochemistry the deviation between a reaction mechanism involving the binding of two substrates to the enzyme (sequential) and a consecutive (ping pong) reaction mechanism, in which one substrate is completely converted before the other is bound, would be determined by varying both substrate concentrations. By measuring the initial velocities dependent on the concentrations and comparing the resulting Lineweaver-Burke plots both mechanisms can be distinguished. Since the two molybdenum complexes showed Michaelis-Menton type kinetic behavior this same kind of study has now been undertaken. Lineweaver-Burke diagrams were drawn in which the reciprocal initial reaction velocity was plotted against the reciprocal PPh 3 concentration ( fig. 5 ). For a large excess of the second substrate DMSO, which was simply used as solvent this has been described previously. 12 When changing the concentration of the second substrate (DMSO) as well, the resulting combined Lineweaver-Burke plots look considerably different dependent on the reaction mechanism. The linear graphs in the combined plots need to be parallel to each other in case of a consecutive mechanism but cross each other somewhere to the left of the y-axis in case of a concerted mechanism. Although the resulting combined Lineweaver-Burke plots for the two catalysts ( fig. 5 ) are neither showing perfectly parallel behavior nor cross each other in exactly one point, it is clear that the sulfur compound tends to comply with the parallel alignment whereas the graphs for the selenium compound are crossing each other in a narrow region. The deviation from ideal behavior is owed to the experimental error based on poor solubility of the catalysts and subsequently very low sample concentrations. However, the characteristics of both plots indicate that the reaction mechanism for the sulfur compound is indeed of a consecutive nature involving the binding of only one substrate at a time. Contrarily the approach of the two substrates PPh 3 and DMSO to the selenium compound's molybdenum seems to be more or less simultaneous. This would explain that the selenium compound is a much better catalyst compared to the sulfur complex with respect to rate, though the rate might in addition be influenced by the different redox potentials of both catalysts.
Moreover it explains that in the absence of DMSO the selenium compound is unable to deliver its oxo ligand to PPh 3, which would result in an unfavorable four-fold coordination. Interestingly a proposed mechanism for the selenocysteine containing formate dehydrogenase in nature also involves disconnecting selenium from the active site molybdenum which coincides with our observations. EXAFS data analysis was performed with Excurve 9.27 28 , using the crystal structure of the pure compound as a starting point. All fits were carried out with k3-weighted data. The resulting fit parameters are given in table 1; the fit range was 20-1000 eV.
The FT and chi plots for each scattering pathway and for both models can be found in the supporting information (figures S1 to S32). Slight deviations of the model from the measured EXAFS below k=6Å -1 might be due to the absence of multiple scattering contributions via the central atom in our models. Their importance in metalloproteins has been highlighted 29 recently but is here beyond the scope of the analysis. 
Catalysis studies
The catalytic experiments were conducted under N 2 atmosphere at 25°C using Schlenk line technique. 
